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1.  INTRODUCTION
Mytilid mussels are key habitat-forming species
in temperate and high-latitude waters (Hilbish et al.
2000). Through their settlement and growth, mussels
form complex 3-dimensional reefs that provide habi-
tat structure for diverse and abundant benthic com-
munities (Commito & Rusignuolo 2000, Norling &
Kautsky 2008). Mussels enhance the transfer rate of
suspended particulate matter from the water column
to the seabed through active filtration, enriching the
near-bed environment with biodeposits that allow
reef-associated communities of microbes and fauna
to flourish (Kautsky & Evans 1987, Norling & Kautsky
2007, Heisterkamp et al. 2013). High seabed surface
roughness and mussel siphonal jets enhance turbu-
lent mixing and rapidly exchange bioavailable nutri-
ents such as NH4+ and PO43−, sustaining new phyto-
plankton production (Butman et al. 1994, Prins &
Smaal 1994, Nishizaki & Ackerman 2017). In light-
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mussel biodeposits. Our analyses suggest that a reduction in mussel reef extent due to ongoing
environmental change will have major implications for the transport and transformation of C and
nutrients within the coastal Baltic Sea.
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exposed reefs, phototrophic communities of micro-
phytobenthos and macroalgae may provide a sig -
nificant additional source of autochthonous organic
matter, contributing directly to oceanic primary pro-
duction and bolstering carbon (C) flow to higher
trophic levels (Kautsky & Wallentinus 1980, Norling
& Kautsky 2007, Kotta et al. 2009). Considerable re -
search has gone into determining the ecological and
functional roles of marine mussels, but their impor-
tance for coastal C cycling (primary production and
respiration) on spatial and temporal scales of the
entire reef community remains poorly understood.
This is especially the case for mussel reefs located on
rocky substrates, despite these being characteristic of
many temperate and high-latitude coastal settings.
The Baltic Sea constitutes a compelling geographic
region to investigate metabolism associated with
mytilid reefs. In this high-temperate, strongly sea-
sonal environment, the bay mussel Mytilus trossulus
(Gould 1850) forms large continuous reefs on bare
rock in the central and western parts of the Gulf of
Finland at water depths down to 15 m, although it is
most abundant at shallower photic depths of ~5 m
(Westerbom et al. 2002). Mytilid reefs represent a key
coastal habitat in the Baltic that sustain ecologically
and commercially important fish such as European
flounder Platichthys flesus and roach Rutilus rutilus,
as well as migratory birds such as eiders Soma teria
mollissima (Ost & Kilpi 1998, Westerbom et al. 2018).
Although widespread, this habitat is located very near
the minimum salinity required for successful repro-
duction of its foundation species (~5 psu) (Kautsky &
Tedengren 1992). Regional climatic changes are pro-
jected to increase net precipitation in the Baltic catch-
ment area by ~20%, increasing freshwater runoff and
decreasing Baltic Sea salinity to levels where marine
mussel reefs can likely no longer be sustained (Meier
et al. 2012). Furthermore, surface water temperatures
in excess of 25°C are in creasingly being recorded in
the Baltic (Siegel & Gerth 2019). High water temper-
atures cause irreversible protein denaturation, re -
duce byssal thread production, and decrease the sur-
vival rate of M. trossulus larvae (Hofmann & Somero
1995, Rayssac et al. 2010). The future of this key
Baltic Sea habitat therefore seems uncertain (Vuori-
nen et al. 2015, Wester bom et al. 2019).
In this study, we investigated the role of shallow
mytilid reefs in coastal C-flow pathways within the
nearshore Baltic Sea. We estimated metabolic rates of
a shallow rocky M. trossulus reef on a seasonal basis
using the underwater eddy covariance O2 flux method
(Berg et al. 2003), a recent technological development
that allows investigating reef-scale (10s of m2) meta-
bolic rates and their drivers non-invasively at a high
temporal resolution (1 h or less) (Berg et al. 2007,
2017). Using a series of multiple-day flux data sets,
we investigated reef-scale metabolism and its rela-
tionship to key dynamic variables such as sunlight
(photosynthetically active radiation, PAR) availability
and water flow velocity in different seasons. The flux
measurements were used to develop a simple predic-
tive model to estimate reef metabolism continuously
over 1 yr. These measurements were complemented
with imaging techniques and biotic sampling to in-
vestigate reef surface roughness (rugosity), mussel
coverage, and macrobenthic diversity associated with
the reef. Our overall objective was to understand the
ecological and biogeochemical function of this habitat
on a reef-scale, in order to explore its importance for
organic C cycling within its broader ecosystem that is
undergoing rapid environmental change.
2.  MATERIALS AND METHODS
2.1.  Study location and sampling
Our study site was located near the Tvärminne Zoo -
lo gi cal Station in Hanko, on the southwest coast of
Finland. We investigated a rocky outcrop located
~5 km southwest of the research station (59° 47’ 43” N,
23° 14’ 44” E). This site was 1 of 6 habitats that were
studied as part of a larger project investigating pro-
ductivity of shallow benthic habitats of the Baltic Sea
(Attard et al. 2019b). Submerged rocky outcrops are
characteristic of the extensive Finnish coastline and
Archipelago Sea. Although dwarfed by low salinity,
mussels are still highly abundant in this region, reach-
ing densities up to ~100 000 ind. m−2, and annual mon-
itoring data since 1996 indicates that individual reefs
may persist for decades (Westerbom et al. 2019). We
investigated a subtidal rocky plateau of ~10 × 10 m
 located at ~5 m depth that was colonized by dense en-
crustations of Mytilus trossulus (Fig. 1). Benthic oxy-
gen flux measurements and biological sampling were
performed at this site over a period of 4−5 d on 4 occa-
sions between June 2016 and August 2017 (June and
October 2016, March and August 2017).
2.2.  Photogrammetry
A digital surface model of a representative area of
the mussel reef was created using ‘structure from
motion’ photogrammetry, as described in Bayley et
al. (2019). Photogrammetry provides a means to as -
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sess the landscape perspective of the reef quantita-
tively, by providing measures of key features of the
reef such as reef rugosity and mussel coverage. The
reef section was photographed by divers under natu-
ral light using a compact camera (Sony RX100 Mk III)
in a submersible housing. The model was based
on the alignment of overlapping digital photographs.
Photo grammetric processing was performed on Agi -
soft Metashape Professional software (Agisoft LLC
2017). Key processing steps included creating a
dense XYZ point-cloud of over 6.3 million matched
points and converting the point-cloud into a 389 000
face Delaunay Triangulated Irregular Network mesh.
In the program, alignment settings were set to ‘high
accuracy’, depth filtering was set to ‘moderate’, and
standard interpolation settings were applied. Tiled
imagery was then overlaid onto the mesh, and in situ
markers were used to calibrate the model to multiple
known dimensions in XYZ space, giving an overall
model accuracy of <5 mm. Mesh faces were 3 mm,
and resultant surface areas were derived from this
resolution. Reef features smaller than 3 mm were
therefore not represented within the model.
2.3.  Biological sampling
We followed a sampling design described in detail
in Rodil et al. (2019) to quantify dominant features of
reef biodiversity within the eddy covariance flux
 footprint. Sampling was carried out by divers at the
end of each eddy covariance deployment. A total of
8 weighted guidelines (5 m length) were placed on
the seafloor in an octagon shape to de -
limit eight 45° sections, with the eddy
co variance instrument located at its
centre. Samples were randomly col-
lected from within each 45° section
(n = 8) using a 20 × 20 cm frame with a
net bag designed especially for rocky
substrates (Kautsky 1989). In the labo-
ratory, the samples were sorted, and
mussels were spread out even and
thin on a sorting tray into 8 sectors.
Four sectors were chosen at random
and the mussels within these sectors
were counted to estimate abundance
(ind. m−2). For size distribution esti-
mates, mussels were sorted into 4 size
classes by sieving each sample through
1.0, 2.0, 4.0, and 9.5 mm sieves (Wester -
 bom et al. 2008). This ap proach is ideal
for including small mussels, which are
typically highly abundant and can otherwise be
missed. The smallest mussels (<1 mm) were not con-
sidered. Although they likely occurred in large num-
bers between late August and early October (i.e.
when new mussels settle), they would comprise just a
small fraction (<1%) of overall biomass and <1% of
reef filtration rates due to nonlinearity between mus-
sel size and function (Riisgard et al. 2013). Following
sieving, the length of ~100 individuals from each size
class was measured using Vernier callipers to deter-
mine shell length along the maximum anterior−pos-
terior axis. Dry weight (g) was estimated from shell
length as: meat weight = shell length2.307 × 10–4.744
(Westerbom et al. 2008). This ap proach does not con-
sider other factors that may influence meat weight,
such as spawning cycles, homeostatic energy loss,
and food availability (Okumus & Stirling 1998). Other
(non-mussel) invertebrates as sociated with the reef
were counted, identified, weighed (blot wet weight),
and their biomass determined using conversion
ratios for Baltic Sea invertebrates (Rumohr et al.
1987, Brey 2001). Macrofauna dry weight was con-
verted to C, assuming 50% orga nic C content (Wijs-
man et al. 1999).
2.4.  Mussel filtration and biodeposition
Size-specific filtration (clearance) rates for M. edulis
have been determined experimentally in previous
studies, and the various allometric equations have
been compiled by Riisgard et al. (2014). The filtration
rate (l h−1) was estimated from body dry weight (g) as:
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Fig. 1. (a) Underwater image of the Mytilus trossulus reef investigated in this
study, (b) eddy covariance instrumentation ready to be deployed, and (c) a close-
up of the eddy flux sensors deployed at the mussel reef. The mussels visible in
(a) have a shell size of ~3 cm, and the leg height of the instrument in (b) is 80 cm
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Filtration = 6.77 × weight0.68 (R2 = 0.94). This function
was applied to convert data on mussel meat weight
obtained from our biodiversity surveys to daily filtra-
tion rates (l m−2 d−1) for our 4 sampling dates. This
was done by computing size-specific filtration rates,
multiplying this value by abundance per size class,
and summing all size classes to compute rates per m2
seabed. While this equation considers mussels of
varying physiological condition, the approach does
not account for seasonality (e.g. temperature effects)
directly, nor does it account for the effects of dynamic
in situ variables that may influence mussel feeding
such as turbulent mixing and suspended particulate
matter availability (Saurel et al. 2007).
Annual biodeposition (g m−2 yr−1 organic C) was
estimated from mussel biomass using the conversion
ratios from Kautsky & Evans (1987), who performed
an extensive field study on a 5 m deep mussel reef in
the Askö region in the Central Baltic Sea. Kautsky &
Evans (1987) quantified biodeposition in situ every
month over an annual cycle using specially con-
structed sediment traps deployed over a period of
9−28 d, and deduced an annual biodeposition rate of
0.13 g C g−1 mussel (dry weight including shells). In
our analysis, we estimated annual biodeposition (g C
m−2 yr−1) from the biomass-specific rates provided by
that study, by multiplying the per gram rates by the
mussel biomass we measured at our site.
2.5.  Eddy covariance deployments
Fluxes were quantified in situ using our standard
eddy flux systems that consisted of an acoustic
Doppler velocimeter (ADV) (Vector; Nortek) and fast-
response oxygen microsensors with custom-made
submersible amplifiers (McGinnis et al. 2011). Instru-
ment configuration was very similar to the original
design used by Berg & Huettel (2008). The current
meter was mounted in the centre of a sturdy light-
weight tripod frame with its measurement volume lo-
cated ~15 cm above the seabed surface (Fig. 1c). The
oxygen sensors were affixed to a polyoxymethylene
holder that allowed the ~20 µm diameter microsensor
tips to be accurately positioned 0.5 cm away from the
measurement volume, using a measurement volume
indicator for visual reference (Donis et al. 2015, Berg
et al. 2016). The tripod was equipped with additional
sensors for measuring seabed PAR (LI-192; Li-Cor),
dissolved oxygen concentration (HOBO U26-001;
Onset), salinity and temperature (HOBO U24-002-C;
Onset) at 5 min intervals. The tripod was deployed
from a small boat by divers, and a lift bag was used to
carefully lower the instrument onto the sea floor and
to orient the instrument within the predominant
water flow direction (west to east). The velocimeter
was programmed to sample with a delayed start to
collect a measurement of the exact distance to the
seabed. Following this measurement, the instrument
logged current flow velocity and oxygen micro sensor
output in continuous sampling mode at 32 Hz over a
period of 2−5 d.
2.6.  Benthic oxygen fluxes
Oxygen fluxes were extracted from the velocity
and oxygen microsensor data following established
guide lines (Lorrai et al. 2010, Donis et al. 2015). Our
eddy covariance systems incorporated 2 O2 micro -
sensors for redundancy and cross-comparison. In
post-processing, the 2 sensor signals were evaluated
for their quality by (1) comparing the mean O2 micro -
sensor concentration to the O2 optode, (2) evaluating
point-to-point noise in the 8 Hz data streams, and (3)
assessing linearity in the instantaneous cumulative
fluxes for each 15 min flux period. The sensor
showing the best characteristics was then used for
flux extraction. The flux software SOHFEA (http://
sohfea. dfmcginnis. com/) was used to compute oxy -
gen fluxes from the 32 Hz data using a multiple-step
process described in detail in McGinnis et al. (2014).
Turbulent fluctuations were isolated from a 90 s run-
ning mean for consecutive 15 min time intervals. One
concern with selecting a time window of 90 s was for
flux dampening at the low frequency scale (i.e.
eddies with timescales >90 s might contribute signifi-
cantly to the flux) (Volaric et al. 2018). We constrained
potential flux loss by finding individual 15 min peri-
ods when the mean O2 concentration change for the
whole 900 s period was small (<3 µM), and could
therefore be accurately accounted for using mean re-
moval and linear regression. We then extracted a flux
for this period detrended using a 900 s mean removal
and linear regression, and 90 s running mean, and
compared these results. From this analysis we de-
duced that flux loss was minimal (~3%), and therefore
proceeded to extract fluxes using a 90 s running
mean. Following extraction, individual 15 min fluxes
(units: mmol O2 m−2 h−1) were quality-checked for
anomalous variations. Large, spurious fluxes typically
caused by jumps or spikes in the high-frequency oxy-
gen concentration data were excluded from further
analysis (Berg et al. 2013, Attard et al. 2014). Flux bi-
ases caused by sensor separation distances were esti-
mated to be of minor importance in this study (< 8%):
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physical separation between the microsensor and the
velocimeter was small (0.5 cm), and the microsensors
we used had a fast 90% response time of ≤0.3 s (Gun-
dersen et al. 1998, Donis et al. 2015). Time-shift cor-
rections were therefore not applied to the data. A pla-
nar fit rotation was used to transform the measured
velocities into streamline coordinates (Lorke et al.
2013). Maximum flux bias caused by sensor stirring
sensitivity for these data sets was estimated by Attard
et al. (2019b) following the procedures described by
Holtappels et al. (2015) and Berg et al. (2015) to be
<15% of the measured fluxes. The analysis by Attard
et al. (2019b) assumed maximum flux bias contribu-
tion from all flow directions. Reanalysis of flow direc-
tion data indicates that these conditions occurred
during ~20% of the deployment duration and is
therefore expected to be much smaller. A storage cor-
rection term was not applied to the data; the sensor
measurement height was small (~0.15 m), and maxi-
mum diel O2 concentration excursions in the bottom
waters were <20 µmol l−1. The 15 min eddy fluxes
were subsequently bin-averaged to 1 h intervals for
interpretation.
2.7.  Daily reef metabolism rates
The time series of eddy fluxes were used to esti-
mate daily rates of reef gross primary production
(GPPdaily), respiration (Rdaily), and net ecosystem
meta bolism (NEMdaily) in mmol O2 m−2 d−1. For each
flux data set, the quality-checked hourly eddy fluxes
were separated into consecutive 24 h sections, with
each section representing a period from midnight to
midnight. The PAR data were used to identify day-
time fluxes (FLUXday; measured when PAR ≥ 1.0 µmol
m−2 s−1) and nighttime fluxes (FLUXnight; when PAR <
1.0 µmol m−2 s−1), as well as the duration of the day-
time period in hours (hday). GPPdaily was computed as:
GPPdaily = , Rdaily as Rdaily
= ×24, and NEMdaily as the difference be -
tween GPPdaily and Rdaily (Hume et al. 2011). The
overbar indicates time-averaged values, and night-
time (negative) O2 fluxes were converted to their
absolute value for interpretation. Note that a subset
of the daily rates were presented in an earlier study
(Attard et al. 2019b).
2.8.  Annual reef metabolism rates
We developed a simple regression model between
hourly eddy fluxes and near-bed sunlight availability
(i.e. PAR) to estimate annual rates of GPP  (GPPannual),
R (Rannual), and NEM (NEMannual) at the mussel reef
from the discrete seasonal flux measurements. This
approach is similar to the one performed by Rheuban
et al. (2014) for seagrass beds and Attard et al. (2015)
for coralline algal beds. First, the relationship be -
tween hourly eddy fluxes and PAR was investigated
using linear regression and light-saturation curves,
and from regression analysis it was deduced that the
best fits to the data in terms of the highest coefficient
of determination (R2 value) were obtained using lin-
ear regression. The fitting functions for the 4 sea-
sonal flux data sets were applied to year-round esti-
mates of hourly near-bed PAR. Year-round PAR at
the reef was estimated from measurements of incom-
ing PAR (Helsinki Kumpula Station, ID 101004, Uni-
versity of Helsinki) that were corrected for attenua-
tion in water by applying attenuation factors that
were determined in situ for different seasons during
each measurement campaign. Attenuation factors
were determined as the gradient of a least-squares
linear regression that was fitted to incoming PAR
data (x-axis) plotted against seabed PAR (y-axis).
The duration of each season was defined in line
with observations from the Finnish Meteorological
Institute for the southwestern archipelago region
(Spring: 15 Apr to 14 Jun; Summer: 15 Jun to 14
Sep; Autumn: 15 Sep to 14 Nov; Winter: 15 Nov to
14 Apr). The fitting functions were then applied to
sections of near-bed PAR corresponding to the sea-
son in which they were measured. This process was
repeated using fitting functions for GPPhourly, where
the hourly eddy fluxes were offset by the Rhourly rate
so that the O2 flux at 0 µmol PAR m−2 s−1 was zero.
Rhourly was then computed as Rhourly = GPPhourly –
NEMhourly. The modelled fluxes were integrated
over the year to compute GPPannual, Rannual, and
NEMannual (mol O2 m−2 yr−1), and annual C equiva-
lents were estimated from this using an O2:CO2 of
1.0 for GPP and R. The modelled fluxes likely over-
estimate the R rate during early and mid-winter
when light levels are very low, since high pelagic
and reef primary production in late winter would
stimulate night-time reef respiration. On the other
hand, water temperature is higher in December
(3−4°C) than in March (1−2°C) (Attard et al. 2019b),
and this would counter some of the bias. For com-
parison, annual metabolism was also computed
using a second approach, by integrating the discrete
daily measurements for GPP, R, and NEM from the 4
measurement campaigns over the year. Regression
analysis and numerical integration was performed
in OriginPro 2019 (OriginLab Corporation).
( )+ ×FLUX FLUX hday night day
FLUXnight
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3.  RESULTS
3.1.  Reef environmental conditions
Sampling was performed under a broad range of
environmental conditions representing day-to-day
variations and seasonal differences. Daily averaged
(±SD) water temperature ranged from 14.7 ± 0.8°C
(n = 341) in August to 1.6 ± 0.1°C (n = 467) in March,
and salinity was between 5.3 and 6.2 (Table 1). Dis-
solved O2 concentrations measured ~15 cm above the
reef indicated undersaturation year-round, with de-
ployment means ranging from 83.9 ± 0.4% (n = 265)
to 88.9 ± 3.4% (n = 411) of air saturation (Table 1).
Near-bed daily PAR was highest in June (8.1 mol m−2
d−1) and lowest in October (0.6 mol m−2 d−1), with
daily PAR varying up to 3-fold between deployment
days (Table 2).
3.2.  Reef photogrammetry model
The scaled model of the reef allowed us to estimate
the contribution of the mussels to small sub-cm scale
variations inseabedsurfaceamplitude(termed‘rugos-
ity’) (Fig. 2). The ratio between the 3-dimensional sur-
face area and the 2-dimensional (geometric) area was
1.44, indicating that the mussels in creased the surface
area of the seabed — and thus the area over which
biotic interactionsandprocesses takeplace — by44%.
Mussel coverage comprised 66% of the geometric sur-
face area and 68% of the 3-dimensional surface area.
3.3.  Reef biodiversity, biomass, filtration, and
biodeposition
The number of reef macroinvertebrate taxa ranged
seasonally from 9−12 (Table 3). Mussels were by far
the most abundant macroinvertebrate species in
terms of density and biomass. Mussel density was
highest in October with mean (±SE)
values of 49 000 ± 3300 ind. m−2 (n = 8),
and biomass based on shell-free rela-
tionships similarly was highest at this
time (33.8 ± 2.1 g C m−2). Mussel den-
sity and biomass comprised 89− 98% of
the total reef macroinvertebrate com-
munity (Table 3). Crustaceans such as
the marine isopod Idotea balthica and
the amphipod Gammarus spp. com-
prised 2−10% of macroinvertebrate
biomass, whereas polychaetes such as
the ragworm Hediste diversicolor comprised 1−4%. A
substantial biomass of ephe meral macroalgae accu-
mulated seasonally at the reef. This was highest in
June (12.6 g C m−2), followed by August (8.2 g C m−2),
and October (4.7 g C m−2). Macroalgal biomass was
below detection in March (Table 3).
The mean (±SD) derived filtration rates were 4.8 ±
0.5 m3 m−2 d−1 in June, 4.1 ± 0.6 m3 m−2 d−1 in October,
3.7 ± 0.4 m3 m−2 d−1 in March, and 3.6 ± 0.4 m3 m−2 d−1
in August (n = 8). Annual mussel biodeposition (g m−2
yr−1 organic C), estimated from biomass-specific rates
using the conversion ratios from Kautsky & Evans
(1987), was 0.05 kg C m−2 yr−1.
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Sampling start     Water temp-      Salinity           O2        Flow velocity      n
date                        erature (°C)                       (% air sat.)      (cm s−1)
10 June 2016           10.7 ± 0.9       5.3 ± 0.1     88.9 ± 3.4      5.1 ± 3.5         411
14 October 2016     10.7 ± 0.1       5.6 ± 0.0     83.9 ± 0.4      2.9 ± 1.4         265
30 March 2017         1.6 ± 0.1        5.7 ± 0.0     88.9 ± 2.7      4.6 ± 2.8         467
9 August 2017         14.7 ± 0.8       6.2 ± 0.0     85.5 ± 3.7      2.6 ± 2.7         341
Table 1. Mean (±SD) environmental conditions at the rocky mussel reef. Flow ve-
locity was measured by a velocimeter ~15 cm above the reef; n: number of 15 min 
measurements
                Day 1     Day 2     Day 3     Day 4     Mean     σ
Jun
GPP            3           34           24           51           28       20
R               51           69           72           65           64         9
NEM      −48         −34         −48         −14         −36       16
PAR            6.1          7.4          9.0          9.6          8.0      1.6
OCT
GPP          10             0                                           5           
R               76           55                                        65           
NEM      −66         −55                                      −60           
PAR            0.8          0.6                                       0.7        
Mar
GPP
107           47         103           25           70           41
R             109           89           67           54           80       24
NEM        −2         −43           36         −29           −9       35
PAR            2.3          0.8          2.8          1.9          1.9      0.8
Aug
GPP          64           55           19                          46       24
R             134         125           76                        112       31
NEM      −70         −69         −57                        −65         7
PAR            7.3          8.3          4.8                         6.8      1.8
Table 2. Daily bay mussel reef gross primary production
(GPP), respiration (R), and net ecosystem metabolism
(NEM) calculated for consecutive 24 h periods of eddy co-
variance oxygen (O2) fluxes, including deployment mean
and 1 standard deviation (σ), where available. Seabed
photo syn thet i cally active radiation (PAR) is presented as
daily  integrated values. Units are mol m−2 d−1 for PAR; 
otherwise mmol O2 m−2 d−1
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3.4.  Hourly and daily reef metabolism
The eddy covariance deployments produced 4 flux
days in March and in June, 3 d in August, and 2 d in
October (Table 2). During the day, short-term varia-
tions in eddy fluxes closely followed near-bed PAR
dynamics, indicating that changes in the benthic
 activity were rapidly registered by the eddy flux sen-
sors located ~15 cm above the reef (Fig. 3a,b). At
night, an increase in the mean flow velocity from 2−
8 cm s−1 stimulated hourly reef O2 uptake by ~3-fold
(from ~3 to ~9 mmol O2 m−2 h−1) (Fig. 3e), document-
ing the dynamic nature of the O2 fluxes on a reef
scale. Differences between daytime and night-time
O2 fluxes were detected in all 4 measurement cam-
paigns, documenting an active benthic primary pro-
duction component. GPPdaily was highest in March,
up to 107 mmol O2 m−2 d−1, and was lowest in October
(0 and 10 mmol O2 m−2 d−1) (Fig. 4). Reef GPPdaily varied
by up to 4-fold between consecutive days (Table 2).
Reef Rdaily exceeded 50 mmol O2 m−2 d−1 year-round,
with the highest Rdaily of 134 mmol O2 m−2 d−1 meas-
ured in August (Table 2). Day-to-day Rdaily varied by
up to 2-fold. Reef NEMdaily was negative (net hetero-
trophic) on 12 of the 13 measurement
days (Fig. 5). On 2 days in March (Days
1 and 3), reef GPPdaily was comparable
to or even exceeded Rdaily. GPPdaily was
comparable to Rdaily on Day 1  (GPPdaily:
Rdaily ~1.0), and was 1.5-fold larger on
Day 3 (Table 2). Measurement days
with the lowest GPPdaily also had the
lowest Rdaily; this was consistent across
seasons (Day 1 in June, Day 2 in Octo-
ber, Day 4 in March, and Day 3 in Au-
gust; Table 2).
3.5.  Annual reef metabolism
The 1 h eddy fluxes showed a significant and posi-
tive relationship with near-seabed PAR in all seasons
(Fig. 6). The slope of the regression between the
eddy fluxes and PAR was significantly different from
zero at the α = 0.05 level, with the highest R2 value
observed in March (R2 = 0.74, p < 0.00), followed by
June (R2 = 0.61, p < 0.00), August (R2 = 0.17, p < 0.00),
and October (R2 = 0.07, p = 0.04). Significance tests
were performed using ANOVAs on 1 h flux data.
Incident PAR was converted to near-bed PAR using
attenuation coefficients determined in situ during the
4 measurement campaigns. These were 0.16 in June
(R2 = 0.94), 0.26 in October (R2 = 0.89), 0.12 in March
(R2 = 0.95), and 0.18 in August (R2 = 0.97). From the
model we determined annual integrated rates of reef
metabolism. These were GPPannual = 9.5 mol O2 m−2
yr−1, Rannual = 29.4 mol O2 m−2 yr−1, and NEMannual =
−19.9 mol O2 m−2 yr−1. These values compared well to
annual estimates computed using a second approach
of integrating the discrete daily measurements of
GPP, R, and NEM over the year (Fig. 7).
47
Fig. 2. An excerpt of the digital elevation model of the bay mussel reef created using ‘structure from motion’ photogrammetry,
showing (a) a true-colour broad view of the reef, and (b) a section of the bathymetric model, showing small-scale variations in 
seabed surface topography created by the mussels
Sampling             Mussel                  Mussel          Macro-       Ephemeral 
date                  abundance              biomass      invertebrate  macroalgae
                           (ind. m−2)               (g C m−2)        taxa (no.)       (g C m−2)
Jun 2016     41000 ± 3200 (98)    27.1 ± 1.2 (92)         11                 12.6
Oct 2016     49000 ± 3300 (97)    33.8 ± 2.1 (97)         10                 4.7
Mar 2017    45000 ± 4100 (97)    24.6 ± 1.2 (89)         12                 0.0
Aug 2017    48000 ± 6000 (98)    20.6 ± 1.4 (89)         9                 8.2
Table 3. Reef biomass and biodiversity, with mean (±SE) bay mussel abun-
dance and biomass (n = 8). Numbers in brackets: mussel % contribution to 
reef total. Mussel abundance was rounded to 2 significant digits
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4.  DISCUSSION
Mytilid mussels are habitat engineers that alter the
environment in which they settle in significant ways.
In the Central Baltic Sea, low-salinity conditions has
the effect of dwarfing mussels, which reach a maxi-
mum length of ~35 mm. However, mussels are still
highly abundant, with densities of up to ~50 000 ind.
m−2 (Table 3) and form large reefs that add rugosity
to the seabed and enhance organic matter deposi-
tion. The reefs that are created by mussels represent
some of the most species-rich habitats in the Baltic
Sea, and are of great ecological importance (Norling
& Kautsky 2008). Understanding how this key habitat
functions on a reef scale therefore is important, espe-
cially within the context of ongoing environmental
change, which is predicted to reduce mussel reef
extent in the Baltic (Meier et al. 2012).
Investigation of C-flow pathways aids
in understanding how the reef functions,
by determining the transport of C to the
reef, its synthesis and transformation
within the reef, and its export from the
reef to the surrounding environment.
Reef metabolism is a key C-flow path-
way, but it remains challenging to quan-
tify due to the rocky and uneven sub-
strate as well as its dynamic nature.
Literature values thus remain scarce.
The aquatic O2 eddy covariance ap -
proach, originally proposed by Berg et
al. (2003), has considerable advantages
over other flux methods in habitats such
as rocky mussel reefs, because it allows
the quantification of reef-scale metabo-
lism continuously over several days at a
high temporal resolution and without in-
terfering with key drivers of the meta-
bolic signal such as light availability,
flow velocity, and suspended matter con-
centrations (Berg et al. 2007, Rheuban &
Berg 2013). This approach provides de -
tailed insight into the intricate patterns of
reef primary production and respiration,
and allows the daily balance be tween
these 2 processes to be resolved, which is
a key measure of whether the reef func-
tion serves as a net source or sink of or-
ganic matter, thus also indicating the de-
gree to which such reefs rely on external
sources of C such as phytoplankton.
4.1.  Reef primary production
The eddy covariance fluxes documented substan-
tial primary production by the mussel reef on time -
scales ranging from 1 h to 1 yr. GPPhourly was up to
20 mmol O2 m−2 h−1 and GPPdaily was frequently be -
tween 50 and 100 mmol O2 m−2 d−1 in spring and in
summer. In 2 instances, GPPdaily was similar to or ex -
ceeded Rdaily (GPPdaily:Rdaily ≥1.0; Table 2). Similar ob -
servations of GPPdaily:Rdaily close to 1.0 were made by
Norling & Kautsky (2007) in soft sediment mussel
reefs in the Baltic using incubation techniques. The
autochthonous C that is fixed by autotrophs present
at the reef (microphytobenthos and transient accu-
mulations of thin ephemeral macroalgae) represents
a labile source of C that can be rapidly turned over to
fuel secondary production at the reef or at surround-
ing depositional habitats (Miller et al. 1996). Days
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Fig. 3. Data from the eddy covariance instrument measured over 3 days in
March, showing (a) near-seabed photosynthetically active radiation (PAR),
(b) 15 min eddy fluxes, and (c) near-seabed flow velocity magnitude. (d)
Eddy fluxes typically showed a tight coupling to PAR; (e) higher flow veloc-
ities stimulated the reef O2 uptake rate at night. In (d) and (e), dashed black 
lines: linear regressions; grey shading: 95% confidence bands
Attard et al.: Mussel reefs are C processing hotspots
with the lowest GPPdaily also had the lowest Rdaily,
potentially indicating tight autotroph−heterotroph
coupling at the reef on timescales of <24 h (Table 2).
The GPPdaily rates obtained in this study are com-
parable to rates obtained from a nearby seagrass
canopy (Zostera marina) using eddy covariance
(Attard et al. 2019b). Similar observations were
made by Volaric et al. (2018) on intertidal oyster
reefs in the Chesapeake Bay, USA. These results
indicate that shallow invertebrate reefs, if present
in high enough abundance, play a significant role
in autochthonous organic matter production within
the coastal zone, but this production pathway
remains largely overlooked (Attard et al. 2019b).
Indeed, high rates of reef primary production are
surprising, given the low standing autotrophic bio-
mass, which typically consists of microphytobenthos
and tufts of ephemeral macroalgae (Fig. 1a), and
the widespread observation that primary producer
growth on rocky substrates often is strongly nutri-
ent-limited (Elser et al. 2007). The linear relation-
ships we ob served between the hourly eddy fluxes
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Fig. 4. (a) Near-seabed photosynthetically active radiation (PAR), (b) eddy covariance fluxes, and (c) daily metabolism rates
for the 4 measurement campaigns at the bay mussel reef. GPP: gross primary production; R: respiration; NEM: net ecosystem 
metabolism
Fig. 5. Daily balance between daily bay mussel reef respira-
tion (Rdaily) and gross primary production (GPPdaily) as deter-
mined from the eddy covariance fluxes in different seasons
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and near-bed PAR suggest that primary production
was not strongly nutrient-limited at our study site
(Fig. 6), a result which may highlight the important
role of marine mussels in engineering a nutrient-
rich benthic environment (Kautsky & Wallentinus
1980). While seasonal accumulations of red and green
macroalgae were evident at our study site, with sum-
mer standing autotrophic biomass of up to 13 g C m−2
(Table 3), the highest rates of GPPhourly
and GPPdaily were measured in March,
when macroalgal biomass was below de -
tection (Table 2). In this case, the GPP sig-
nal was likely driven by micro phytobenthos
present as biofilms on mussel shells com-
prising ~two-thirds of seabed surface
coverage, and on nearby rocky substrate.
While we do not have direct measure-
ments of micro phyto benthos biomass,
detailed micro sensor measurements have
documented considerable O2 production
by biofilms on mussel Mytilus edulis
shells, highlighting the importance of bio-
films in overall reef functioning (Heis-
terkamp et al. 2013). The combined ef -
fects of  in creased 3-dimensional seabed
surface area (rugosity) provided by mus-
sels and the abundance of bioavailable
nutrients makes shallow, light-exposed
mussel reefs favourable habitats for
 primary  production.
4.2.  Reef respiration
Despite substantial GPP at the reef, Rdaily exceeded
GPPdaily on 12 of 13 measurement days, and Rannual
was 3-fold larger than GPPannual (Fig. 7). External
input of organic material equivalent to at least ~two-
thirds of the annual reef C demand (NEMannual =
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Fig. 6. Relationship between all measured hourly eddy fluxes and near-
seabed photosynthetically active radiation (PAR) in (a) June, (b) October,
(c) March, and (d) August. Least-squares linear regressions are fitted to 
the flux data; grey regions: 95% confidence bands
Fig. 7. Estimating annual bay
mussel reef metabolism using 2
approaches: (a,b) integration of
measured daily rates (dashed
lines: extrapolations based on
deployment average), and (c,d)
extrapolation to light using
light–flux relationships meas-
ured in different seasons. GPP:
gross primary production; R:
respiration; NEM: net ecosys-
tem metabolism
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−0.24 kg C m−2 yr−1, assuming O2:CO2 of 1.0) was
needed to sustain the respiratory requirements of the
reef community on an an nual basis. Planktonic pro-
duction is ex pected to be a major food source at this
location, and the water column in our study region is
highly productive, with pelagic GPPannual of up to
~0.17 kg C m−2 yr−1, R ~ 0.12 kg C m−2 yr−1, and NEM
~ 0.05 kg C m−2 yr−1 (Kuparinen et al. 1984, Lignell
1990, Raateoja et al. 2004). The estimated mussel fil-
tration rates of up to 5 m3 m−2 d−1 suggest that the
mussels can filter a volume equivalent to the entire
overlying water column at our study site (water
depth: 5 m) every 24 h. By greatly enhancing the
transfer rate of suspended particulate matter to the
reef through active filtration, the mussels can access
a larger pool of the pelagic GPP than would other-
wise be available through passive settlement (sedi-
mentation) alone. Furthermore, given the high reef
filtration rates and C demand, horizontal advection of
water masses over the reef is expected to be impor-
tant for suspended particulate matter supply (Fre -
chette et al. 1989). Mean horizontal flow velocities at
the mussel bed of between 2.6 ± 2.7 and 5.1 ± 3.5 cm
s−1 (Table 1) suggest that the reef experiences an
advection path of between 2.2 and 4.4 km d−1. Given
that the spatial extent of the reef was just ~20 m in
length, advection would alleviate stagnation by pre-
venting the reef from being exposed to the same
water mass for prolonged time periods.
Based on a bottom-up approach of computing
macro fauna community respiration from biomass,
Rodil et al. (2020) estimated that macrofauna respira-
tion at our mussel reef site comprised
44% of the total Rannual, with the latter
determined from the eddy covariance
fluxes. This value compares well with
wider observations from shelf sedi-
ments that identified fauna as a key
component of benthic C flows (Glud
2008, Middelburg 2018, Snelgrove et
al. 2018). Based on these estimates,
microbial communities living in asso-
ciation with the reef are therefore
responsible for approximately half of
the total reef organic C turnover.
These high rates of microbial C turn-
over are likely sustained by the focus-
ing effect created by the mussels,
which enhances organic matter trans-
fer onto the reef through biodeposi-
tion, enriching the seabed with C and
nitrogen (N) (Norkko et al. 2001, Nor-
ling & Kautsky 2007). We estimated
biodeposition at our study site to be ~0.05 kg C m−2
yr−1. Due to the underlying rocky substrate, C burial
within the habitat is negligible, so remineralization
and export are expected to be important C flow path-
ways for biodeposits. Assuming that ~25% of biode-
posits are labile fractions of C that are rapidly rem-
ineralized within the reef within hours to a few days
(Carlsson et al. 2010), most of the remaining ~0.04 kg
C m−2 yr−1 will be exported from the reef to the sur-
rounding environment (Fig. 8). This C export value is
an order of magnitude lower than that estimated for
perennial macroalgal canopies of Fucus vesiculosus
in the study area (Attard et al. 2019a). However, mus-
sel reefs are ~8 times more abundant than macro-
algal canopies in terms of areal coverage in this part
of the Baltic Sea (Virtanen et al. 2018). Mussel biode-
posits may therefore represent a regionally impor-
tant C export flux of high nutritional value (C:N = ~8)
(Kautsky & Evans 1987).
Annual monitoring data since 1996 indicates that
M. trossulus reefs in this part of the Baltic Sea may
persist for decades (Westerbom et al. 2019). However,
on multiple occasions we observed large accumula-
tions of dead and decaying M. trossulus in shallow
waters of 1−2 m depth (Fig. 9). These observations of-
ten followed periods with elevated water tempera-
ture, and are likely caused by marine heatwaves,
which are increasingly being observed in the study
area (Siegel & Gerth 2019). High water temperature
is set against a backdrop of decreasing salinity in the
Baltic, both of which result in the erosion of shallow
mussel reefs (Westerbom et al. 2019). It is therefore
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Fig. 8. Pathways of organic carbon flow at the rocky mussel reef; GPP: gross 
primary production; R: respiration; NEM: net ecosystem metabolism
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becoming increasingly important to assess C-flow
pathways, to obtain a quantitative understanding of
how mussel reefs function, and how the ecosystems
they form part of could change in their absence.
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